We discuss the possibility of using optical dipole forces for Sisyphus cooling of ions stored in a Penning trap by addressing the specific case of the molecular cooling candidate C 2 − . Using a GPU accelerated code for Penning trap simulations, which we extended to include the molecule-light interaction, we show that this scheme can decrease the time required for cooling by an order of magnitude with respect to Doppler cooling. In our simulation we found that a reduction of the axial anion temperature from 10 K to 50 mK in around 10 s is possible. The temperature of the radial degrees of freedom was seen to thermalize to 150 mK. Based on the laser-cooled C 2 − , a study on the sympathetic cooling of anions with masses 1-50 nucleon was performed, covering relevant candidates for investigations of chemical anion reactions at ultracold temperatures as well as for antimatter studies.
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Laser cooling of anions, which has so far never been achieved, would enable the sympathetic cooling of any other negatively charged species and open new opportunities in a variety of research areas. This includes research on the atmosphere and the interstellar medium [1] , chemistry of highly correlated systems [2] , and cooling of antiprotons for antimatter experiments [3] . Given the broad impact, several groups are exploring different approaches to cool anions [4] [5] [6] .
Up to now, work on the cooling of anions has focused mainly on the atomic species La − and Os − [5] [6] [7] and the molecular species C 2 − [4] . They all have in common that the dipole transitions attractive for the cooling can have narrow natural linewidths in the range of several kilohertz. Thus, employing traditional Doppler cooling would result in cooling times on the order of 100 s to reach the 100-mK regime even when starting with particles precooled to the liquid helium temperature of 4 K. This can be a problem when the cooling is in competition with heating effects stemming from, e.g., trap misalignment or collisions with residual gases.
Addressing this problem, we discuss the possibility of using the ac Stark shift for Sisyphus cooling in ion traps [8] . Although also applicable to positive ions, we will concentrate on the specific case of C 2 − in a Penning trap, which is an interesting candidate for sympathetic cooling of antiprotons [3, 4] . We will describe the cooling scheme in detail below. Using this method, depending on the laser power available, the energy removed per scattered photon can be much higher than by using the Doppler effect. This results in an accelerated cooling, while also easing the requirements on repumping, which is of special importance for the cooling of molecules.
The level structure of C 2 − is well known and depicted in Fig. 1(a) [10] [11] [12] [13] tronic transitions are allowed, resulting in two possible systems for cooling. The first consists of the
transition at 541 nm, with a branching ratio of 72% for spontaneous decay via this channel and a natural linewidth of = 2π × 2.1 MHz. In order to create a closed cycle for the cooling it is then necessary to repump several lower vibrational states X 2 (v = 0, . . . ,4), which was simulated for the case of Doppler cooling in a Paul trap in [4] . In the case of a Penning trap high magnetic fields of several tesla result in an additional strong splitting of the rotational sublevels, making the experimental realization of the repumping challenging.
We will therefore focus on the second possible system for cooling. This consists of the A 2 (v = 0) ↔ X 2 (v = 0) transition at 2.54 μm, with a branching ratio of 96% and a natural linewidth of = 2π × 3.1 kHz. Doppler cooling on this transition was estimated to take ∼300 s to reach the millikelvin range when starting from 10 K [14] . Another interesting scheme was discussed in [4] for a low-density plasma, using a magnetic-field gradient in a Penning trap in order to implement a Zeeman-shift-based Sisyphus cooling cycle. Comparing this method with our proposed scheme, the magnetic version has the benefit of a higher energy being removed per photon, leading to fast cooling rates in the millisecond range and thereby a lower sensitivity to environmental heating. Despite that, the magnetic inhomogeneity can lead to particle trapping due to the magnetic mirror effect, which is more pronounced for high-density plasmas and high-magnetic-field gradients. This can lead to ions being removed from the cooling cycle and makes a careful analysis necessary in that regime [15, 16] . Using a strong laser to shift the energy levels as proposed in this work has the benefit of being all optical and independent of the trapping dynamics. Besides avoiding the complexity of a magnetic mirror, it is also a solution for experimental circumstances where a magnetic-field gradient cannot be implemented.
An extensive theoretical discussion of the ac Stark shift and dipole forces can be found in [17, 18] . The proposed cooling scheme is illustrated in Fig. 1(b) using the same parameters as in the actual simulation as described below. state for our cooling scheme are indicated. The electron affinity is equal to 3.27 eV [9] . (b) Sketch of the Sisyphus cooling cycle to scale with simulation parameters. The geometry of the ion cloud (gray) is shown together with laser beam profiles (red, green, and yellow) and an overlay of the involved electronic levels (see also Fig. 2) . A 6-W laser (red), detuned from the resonance of the
) transition by δ = 1 GHz and with a waist of w dip = 185 μm, shifts the levels locally around z = 0, thereby creating a potential U dip = 12.4 mK. A second laser (green) on resonance with the maximally shifted levels causes transitions to the upper state in particles in the maximum of the dipole potential, by absorbing a photon with energy hν . Due to the long lifetime of 50 μs of the A 2 (v = 0) state in relation to their thermal energy, the particles are likely to leave the region of the shift and then decay to the initial state by emitting a photon with energy hν = hν + U dip . Repump lasers (orange) on all other levels prevent losses from the cooling cycle by particles decaying to dark states. The whole cycle effectively removes the energy E = h(ν − ν ) from the particles.
Aside from repumpers, it is based on two lasers that address the
One is high powered in the range of several watts and blue detuned from resonance by 1 GHz [which we will refer to as a dipole laser (DL)], thereby shifting the energetic levels. A second laser is tuned to be resonant with the shifted levels [referred to as a pumping laser (PL)] and overlapped with the DL and the molecules. The scheme could also be realized with a single broad and strong laser, used for shifting and pumping at the same time, but in this work we use two separate lasers to permit greater flexibility. If only a single laser is used for pumping and shifting, Doppler heating by the blue-detuned DL has to be taken into account.
Focusing the lasers to a narrow region along the axis of the trap then creates an area where particles are pumped to the excited state A 2 (v = 0). If the lifetime of this state is long enough, a large fraction of particles stay in the excited state until they have left the region of the lasers and spontaneously decay to one of the lower states. In order to close the cooling cycle the lower levels, with the exception of X 2 (v = 0,N = 0,J = 0.5,M J = 1/2), are continuously repumped to the excited state by lasers applied in the axial direction, eventually resulting in a spontaneous decay to this ground state via the emission of a photon at frequency ν. The particles stay in this state until they reenter the shifting region. The whole cycle effectively removes the energy E = h(ν − ν ) from the particles. The energy difference stems from the axial kinetic energy of the particles and is removed when entering and leaving the shifting region due to the dipole force exerted by the laser.
Our simulation is based on the SIMBUCA code [19, 20] , which was specifically developed for the simulation of particles in a Penning trap. It uses a GPU to parallelize the calculation of the Coulomb interaction, allowing one to increase the total number of particles in comparison with a CPU-based simulation. The trajectories of the particles in the trap, including the cyclotron motion, are fully resolved using a fifth-order Dormand-Prince integrator. In order to include the interaction of the molecules with the light fields, we extended the code to include a simulation of the laser-induced electronic population transfers, which we based on rate equations and the Monte Carlo method. This approach is well justified in the regime of lasers with a spectral distribution much broader than the natural linewidth [21, 22] . Our code treats the populations i of all 16 levels (see Fig. 2 , details described later in the text) separately according to the equationṡ
with ρ ij and I ij being the spectral intensity distribution of the lasers addressing the transition, ij the respective Einstein coefficient, and τ A the lifetime of the excited state. The dipole force in the case of negligible scattering by the DL is given by
with ω ij being the Rabi frequency. For the simulation an ion cloud of 1024 C 2 − molecules was initialized in thermal equilibrium at T init = 10 K, with a density of n init = 2 × 0.7 mm. These parameters can be experimentally achieved by supersonic expansion with subsequent dielectric barrier discharge of acetylene gas in a neon carrier [12, 23, 24] . We expect this to produce internally cold C 2 − with evenly distributed kinetic energies in the sub-eV range [25] . After mass selection in the 10-eV range the anions can be trapped and sympathetically cooled by electrons. Assuming a cryogenic 5-T Penning trap at 10 K, temperatures around 100 K can be achieved in a few seconds [26] . Subsequent evaporative cooling allows for a preparation of the anions at 10 K [27] .
The laser parameters were chosen in order to correspond to values that could be realistically achieved with existing technology. For the DL we used a power of P DL = 3 W along the radial X axis, focused to a waist of w dip = 185 μm in the center of the ion cloud. In our simulation we compared two different settings for the DL, once as a free Gaussian beam and once modulated by a cosine squared of the right periodicity, so as to correspond to, e.g., the light in an enhancement cavity. The detuning from resonance was set to δ DL = 1 GHz. In order for Eq. (2) to be valid, scattering by the DL needs to be negligible, which implies that the spectral width of the DL must be much smaller than δ DL . For the chosen parameters and molecules at 50 mK, we estimated the scattering by the DL to be less than a single photon per pass through the laser. Since the DL is blue detuned, each scattered photon results in a Doppler heating of 62 nK. Given that these scattering events still contribute to the dipole cooling cycle and a dipole force potential of U dip = 6.6 mK, we neglected this effect in the simulation.
The PL was modeled as two counterpropagating free beams along the radial Y axis with P PL = 4 mW, focused to the same size as the DL in the center of the ion cloud while neglecting the standing-wave pattern (SWP). The spectral width was set to PL = 120 MHz FWHM with a detuning that corresponds to the level shift in the focus of the DL of δ PL = 137 MHz. On resonance, a pumping rate of γ = 10 MHz is reached in the focus of the laser. The repumping lasers along the trap axis were set to be on resonance with a power of 2 mW, the same waist as the other two lasers and a spectral width of P = 50 MHz. Depending on the transitions, the resulting pumping rate varies between γ = 200 kHz and γ = 2 MHz in the focus of the lasers. The widths of the PL and repumpers need to be large enough in order to sufficiently address the ion cloud, taking into account Doppler broadening and the spacial spectral shift in the center of the DL. Closing the cooling cycle requires repumping of 15 levels (see Fig. 2 ), which is implemented in the simulation with separate light fields. Three are needed to cover the unused X The interesting cooling dynamics happen on a time scale of 14 s, which leads to impractically long simulation times. In order to circumvent this problem, we introduce an artificial augmentation factor f sc to scale the size of the dipole force acting on the particles, which is initially set to 10 and consecutively reduced to unity at [t(ms),f sc ] = [(0,10),(600,2),(925,1)] for the case without and at [t(ms),f sc ] = [(0,10),(800,2),(2750,1)] for the case including the SWP. This effectively increases the dipole force potential, while leaving the pumping rates and the detuning the same. The reduction is necessary, since an artificially large force will start to prevent particles from reaching the intensity maximum of the DL, thereby removing them from the cooling, when its potential amplitude becomes comparable to the particle thermal energy. During our simulation the ratio of the thermal energy to the scaled dipole force potential was always larger than 10. Since the remaining small influence on the cooling speed is detrimental, the simulation still gives an upper bound on the efficiency. The actual computation simulates the trap dynamics during 8.8 s without and 5.5 s with a SWP. Figure 3 shows the simulated temperature evolution. The time axis was scaled by the amplification factor f sc to show the cooling time under realistic conditions. The resulting smooth behavior of the temperature is a powerful indication that the scaling factor is well justified and does not introduce any significant nonlinear effects. Two solid lines indicate the initial linear cooling behavior and the deviation from it as the ions get colder. For the axial degree of freedom this can be explained with the decrease in velocity in relation to the lifetime τ A of the upper state. This gradually reduces the probability for a decay outside the shifted region and thereby the efficiency of the cooling. At a temperature of T w 60 mK the mean traveled distance during the time τ A becomes comparable to the waist of the DL. Together with the depth of the dipole force potential, this poses a practical limit to the cooling without readjustment of the laser parameters. The different cooling performance for the two cases with and without the SWP can be attributed to two factors. The first is a simple geometric advantage of the case without the SWP, since the overlap of the resonant region with the anion cloud is smaller. The second factor is an additional heating source that is caused by the SWP. Applying the dipole force potential in the Penning trap effectively causes a small inhomogeneity in the radially symmetric potential of the Penning trap. This causes a small expansion of the ion cloud and radial heating, which is more pronounced in the case with the SWP and stops the cooling at around 500 mK. For the case without the SWP the nonlinear effects in the radial temperature and the deviation from the evolution of the axial pendant can be attributed to a reduced thermalization between the axial and radial degrees of freedom starting in the weakly coupled regime at lower temperatures. The plasma in our simulation is initialized in the weak-coupling regime at c = 1 [28] . At around T 0.5 K it reaches the weakly coupled regime c 1 and is strongly coupled ( c 1) towards the end of the simulation. As discussed in [29, 30] , the equipartition decreases exponentially in the weakly coupled regime for a strongly magnetized plasma c b v 1. Apart from exhibiting interesting plasma dynamics, this shows that there is no significant direct cooling of the radial degrees of freedom.
An important concern for a cooling scheme working on a time scale of 14 s is heating by the environment. For a room temperature setup and at a pressure of around ∼10 −9 Pa, this was experimentally investigated in [30, 31] , where it was concluded that the dominant contribution to heating stems from collisions of the trapped ions with residual gases. A heating rate of around ∼0.1 K s −1 was measured, which would have a significant influence on the cooling speed and the final temperature of the described scheme. By going to a cryogenic Penning trap in the region of 10 K, where pressure down to ∼10 −14 Pa [32] is achieved, the heating rate can be much lower with a reported value of 5 × 10 −6 K s −1 [33] . In the presented simulation we assumed a cryogenic environment and neglected heating effects.
An interesting application of laser-cooled anions would be as a sympathetic coolant for other negatively charged species. Since Penning traps can be used to store species with widely differing masses together, they are well suited for this task. We investigated the efficiency of sympathetic cooling for a broad mass range with C 2 − as a coolant. For this we initialized the same ion cloud as for the previous laser cooling simulation, with 20% of the particles being replaced by anions of a different mass m that are not directly addressed by the cooling. In order to speed up the simulation, the original full treatment of the laser cooling is approximated by an artificial drag force that resembles the actual cooling dynamics and is given by F z = −sgn(v z )U 0 exp(−2z 2 /w 2 ). The parameters are chosen so as to allow a simulation of particles with a mass corresponding to antiprotons. Figure 4 shows the results of the sympathetic cooling of different masses m ranging from 1 to 50 nucleon. Even for an enhanced cooling during 100 ms, the sympathetic cooling of the axial degree of freedom is sufficiently fast. As for the previous simulation, a reduction in the equipartition of the radial degrees can be seen at lower temperatures. On the time scale of an actual implementation of the dipole cooling scheme, which is two orders of magnitude larger, the equipartition can be expected to reach lower temperatures.
In summary, we have presented an all-optical cooling scheme that is suitable for a variety of ion traps. Our simulation of the specific case of C 2 − in a Penning trap, which is a promising candidate for sympathetic cooling of other anions, shows a reduction in cooling time by an order of magnitude in comparison with Doppler cooling. On a time scale of 10 s the anions reach a temperature of 50 mK in the directly cooled axial and 150 mK in the indirectly cooled radial degrees of freedom. Similar improvements should be achievable for was implemented using an artificial drag force that resembles a dipole cooling scheme.
other ions exhibiting narrow cooling transitions. Furthermore, we investigated the efficiency of sympathetic cooling by laser-cooled C 2 − . A mass range of 1-50 nucleon was covered, which includes light anions like antiprotons and heavier anions relevant in ultracold chemistry. Another promising application of the described scheme could be in the production of ultracold electrons. A transition to a cryocooled Penning trap at T = 1 K and with a magnetic field of B = 0.5 T would reduce heating by synchrotron radiation [34] below the axial cooling rate found in this work. Together with an increased equipartition rate at lower magnetic fields [30] , this could potentially allow one to decrease the particle mass range where this cooling scheme is applicable down to the regime of electrons.
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